In vitro, we showed PhoP-and/or PmrAdependent induction of pmrH (LPS aminoarabinose modification operon) by acidic pH, low levels of magnesium, or high levels of Fe(III). Upregulation in cultured J774A.1 macrophages was shown for pmrH, pagP (LPS palmitate addition), and ssaB (pathogenicity island II secretion) but not for prgH (pathogenicity island I secretion). Increased levels of pmrH, phoP, and prgH transcription but not ssaB were observed in bacteria isolated from the lumen of the distal ileum. Bacteria isolated from spleens of orally inoculated mice showed no further induction of prgH but had the highest expression of pmrH, pagP, and ssaB. In vivo induction of pmrH was fully dependent on pmrA and phoP, and buffering stomach acidity, iron chelation, or low-iron diets did not affect the expression of pmrH in the intestinal lumen. The observation of pmrH and pagP expression in the intestine refutes the paradigm of PhoP/PhoQ and PmrA/PmrB in vivo expression as solely intracellularly induced and supports previous data demonstrating peroral virulence attenuation of pmrH mutants.
Salmonella enterica serovar Typhimurium is a facultative intracellular enteric pathogen that causes gastroenteritis in humans and an enteric fever-like disease in mice. A major mechanism of virulence is the ability to actively counteract host cationic antimicrobial peptides (CAMP), an important component of the nonoxidative killing mechanisms of the innate immune system (40, 41) . CAMPs are found in mucosal secretions, skin surfaces, and granules of professional phagocytes (5, 18) . In response to these defenses, S. enterica serovar Typhimurium modifies the lipopolysaccharide (LPS) and other components of the outer membrane. In particular, the PhoP/ PhoQ two-component system modulates a large regulon (reviewed in reference 20) that includes genes involved in resistance to ␣-helical CAMPs, epithelial cell invasion, bile resistance, and cation transport (4, 10, 21, 22, 34-36, 47, 54) . The genes encoding PmrA/PmrB two-component system are among the loci regulated by PhoP/PhoQ, as they are indirectly activated via the small protein PmrD (23, 27) . PmrA/PmrB is required for resistance to CAMPs, including polymyxin B, by regulating the addition of aminoarabinose to lipid A via pmrE and the pmrHFIJKLM operon (hereafter referred to as the pmrH operon) (24, 59) . Other LPS modifications induced by the activation of PmrA/PmrB are the addition of phosphoethanolamine to lipid A via PmrC (29) and the addition of phosphoethanolamine to the LPS core via CptA (52) .
The signals that regulate PhoP/PhoQ and PmrA/PmrB are diverse. In vitro, millimolar concentrations of Mg 2ϩ (and some other divalent cations) activate the phosphatase activity of PhoQ (9, 19, 57) , therefore downregulating PhoP-activated genes, including pmrAB and its regulon. In addition, high concentrations of iron(III) (in the range of hundreds of micromolars) activate PmrB in a PhoP/PhoQ-independent manner (58) . Iron sensing by PmrB is presumed to be important for survival outside the host in soil and waters (9) . The relevance of sensing elevated concentration of iron during infection is unclear, because the bacteria experience such high levels of bioavailable iron only transiently in the stomach and proximal duodenum but not in the distal ileum, the preferred site of infection (44, 45) . Acidic pH and/or sublethal concentrations of certain CAMPs (polymyxin B, protegrin-1, and the ␣-helical peptide C18G) have also been shown to activate the pmrA and phoP regulons (3) .
Most of the information on signals regulating PhoP/PhoQ and PmrA/PmrB is based on in vitro experiments, and little is known about the actual signals perceived in vivo. Several lines of evidence suggest that PhoP-and PmrA-regulated genes are activated in the phagosome of professional phagocytes in response to its acidification (1) and that this represents the major site of expression of both regulons. However, recent experiments showing that null mutations in pmrH attenuate S. enterica serovar Typhimurium when inoculated perorally but not when injected intraperitoneally question this model (24) . This result implies that pmrH-dependent aminoarabinose modifications of LPS may be important for overcoming innate immune responses in the gastrointestinal tract much earlier than the establishment of an intracellular lifestyle by the bacterium and colonization of the reticuloendothelial system. Moreover, loss of the ability to add aminoarabinose to LPS conferred a more marked virulence defect compared to that of a pmrA mutant, implying that other regulatory factors and/or signaling pathways may be involved in activating pmrH.
In this study, we adapted resolvase-in vivo expression technology (RIVET) to S. enterica serovar Typhimurium to facilitate the analysis of in vivo-expressed genes. RIVET was originally developed as a genetic screening method for in vivoinduced genes (7) . In the RIVET system, a DNA library or the promoter of the gene of interest is cloned into a promoterless tnpR gene, which encodes the resolvase of Tn1000 and catalyzes recombination between tandem res sites (7). A reporter consisting of a tetracycline resistance gene flanked by res1 sites is located in a single copy in the chromosome (7, 46) . When a sufficient amount of TnpR is produced, it catalyzes recombination between the res1 sites flanking the gene encoding tetracycline resistance. This recombination results in heritable loss of the gene encoding tetracycline resistance and thus sensitivity to tetracycline. RIVET is also a sensitive method for studying the spatial and temporal expression of genes in vivo, as shown by studies in Vibrio cholerae (31) , but applications to other pathogens have been limited (6, 42, 56) . In this work, we demonstrate the use of RIVET in S. enterica serovar Typhimurium for analyzing the spatial-temporal patterns of in vivo expression of selected PmrA-and PhoP-regulated genes, concluding that the PhoP and PmrA regulons are expressed not only inside macrophages but also in the intestine of BALB/c mice. We also show that activation of these two regulons in the lumen occurs upon perception of signals other than acidic pH or iron.
MATERIALS AND METHODS
Bacterial strains and growth conditions. Strains used in this study are shown in (58) . FeSO 4 in acidic solution stocks was added at 100 M when required. For low-pH shock experiments, the inoculum was grown overnight in LB-morpholinepropanesulfonic acid (40 mM MOPS, pH 7.7) with Tc, resuspended to an optical density at 600 nm of ϳ0.1 in low-pH NMM (pH 5.5) for 15, 30, and 60 min, and then spun down and grown in NMM (pH 7.7) overnight.
DNA cloning and construction of reporter fusion strains. General molecular cloning procedures were adopted for the construction and verification of plasmids (2) . Marked mutations were moved into the various S. enterica serovar Typhimurium genetic backgrounds via transduction with the phage P22 HT105 int-102 (26, 43) . The construction of the novel res1-tetAR-res1 cassette carrying the Tn10 antibiotic resistance genes to produce strain JS246 is described in the Results section. Gene fusions were constructed by cloning BamHI-digested PCR fragments carrying the promoter regions under investigation into the R6K ori suicide vectors pGOA1193 (pIVET5n tnpR wt ), pGOA1194 (pIVET5n tnpR mut135 ), and pGOA1195 (pIVET5n tnpR mut168 ) (38) . These vectors are pIVET5 (8) derivatives that carry a promoterless tnpR-lacZ operon with the various ribosomal binding site mutants described by Lee et al. (31) . Table S2 in the supplemental materials shows the primers used for each promoter (pmrH, pagP, prgH, ssaB, and fepA). The promoter fusions were exchanged into the Salmonella chromosome by Campbell-type recombination, creating partial merodiploids that maintain a wild-type copy of the gene. PCR, Southern blot, and DNA sequence analyses were used to confirm that the correct fusions were located at the appropriate genomic site. As an alternative to the pIVET5n derivative plasmids, we also constructed suicide tnpR reporter plasmid derivatives of those described in reference 15 for the construction of targeted single-copy lac fusions using the FLP-FRT (FLP recognition target)-mediated site-specific recombinase. These plasmids contain an FRT site in front of a tnpR ϩ -lacZY ϩ cassette. For each tnpR allele, we constructed two plasmids that differ only in the orientation of the FRT site: FRT orientation A was pCE70(tnpR ). These plasmids were tested in vitro with an iron-regulated promoter as a proof of concept (see Table S1 in supplemental materials) but were not used for the in vivo experiments described in this work.
In vitro and in vivo RIVET transcription assays. To prepare the inoculum, RIVET reporter strains were grown in LB broth with selection for Ap and Tc (to maintain the selection for the reporter fusion and the target res1-tetAR-res1 cassette) for variable amounts of time at 37°C. For in vitro expression experiments, the inoculum was washed in saline solution and inoculated at 1:5,000 into NMM (pH 5.6 or pH 7.7). In all cases, to determine the level of transcription of the RIVET fusions, about 200 CFU were plated on LB agar buffered with MOPS-Tris (25 mM Tris-HCl, pH 7.7) containing Ap. After growth overnight at 37°C, colonies were then replica plated or patched onto LB-MOPS agar containing Tc and the extent of induction of the transcriptional fusion to tnpR was measured as the percentage of tetracycline-sensitive (Tet s ) CFU (Tet s CFU divided by the total CFU). For each determination we replicated 50 to 100 colonies. Standard errors of individual counts were estimated by the formula (fq/x) [1/2] , where f and q are the percentages of Tet s and Tet r , respectively, in the total sample of patched Amp r colonies (x). Counts from replicates were averaged, with n equal to the number of mice employed. A 2 test was used for statistical analysis of proportions.
␤-Galactosidase activity determination. ␤-Galactosidase activities in soluble cell extracts were determined by using o-nitrophenyl-␤-D-galactopyranoside (Sigma) as the substrate and were expressed as Miller units, as previously described (33) .
Animal studies. Female BALB/c mice (weighing 16 to 18 g) were kept on a normal rodent diet (Harlan-Teklad cat. 2014) or an iron-deficient diet (HarlanTeklad cat. TD80396) as required by the specific experiment, and food and water were withdrawn from 4 to 24 h before inoculation. Mice were inoculated either perorally (by oral gavage with a 22-gauge feeding needle) or intraperitoneally. Dilutions of the stationary-phase cultures were plated to determine the number of bacteria present in the inoculum. For the in vivo temporal gene fusion induction experiments, 10 8 CFU were perorally (or 10 3 CFU intraperitoneally) inoculated into female BALB/c mice as described below. At various time points after inoculation, the small intestine distal lumenal contents, Peyer's patches, mesenteric lymph nodes, spleen, and livers were removed and homogenized, and the percentage of Tet s CFU was determined as described above. When neutralization of the stomach pH was required, mice were orally fed with 100 l 10% sodium bicarbonate 60 min before, at the time of Salmonella inoculation, and 30 min afterward. In experiments with iron chelators, mice were administered desferrioxamine mesylate (DFO) orally by either oral gavage or as an addition in the drinking water. Infected mice were sacrificed at various time points postinoculation. The lumenal content or the Peyer's patches, mesenteric lymph nodes, spleen, and liver were homogenized in phosphate-buffered saline (PBS), serially diluted, and plated onto the appropriate ampicillin-containing agar plates as described above.
Animal cell cultures and invasion assay. J774A.1 macrophage cell lines were obtained from the American Type Culture Collection (ATCC). Cells were grown to a monolayer at 37°C, 5% CO 2 in Dulbecco's modified Eagle medium (DMEM) with 10% heat-inactivated fetal bovine serum. Cells were then infected at an multiplicity of infection of 10 in 24-well plates. Upon infection, cells were spun down and incubated at 4°C for 30 min and then incubated at 37°C for 1 h. Extracellular bacteria were killed with 100 g ml Ϫ1 gentamicin for 2 h and washed, and the cells were incubated for an additional 16 h at 37°C with 10 g ml Ϫ1 gentamicin. Cells were lysed with 1% Triton X-100.
Gentamicin protection assay. Lumenal samples were collected from infected mice at 48 h postinoculation, exposed to 100 g ml Ϫ1 gentamicin for 60 min, 
RESULTS
Adaptation of RIVET to Salmonella enterica: construction of a functional res1-tetAR-res1 reporter strain. While attempting to adapt the RIVET system for use in S. enterica serovar Typhimurium, we discovered that the original res1-Tet r -res1 reporter construct (7), which utilizes the tetR gene from pBR322, supplies only minimal resistance to tetracycline when located in a single copy in the chromosome. Such low levels of tetracycline resistance made this construct impractical for use in S. enterica serovar Typhimurium. The problem was corrected by amplifying and cloning of the tetRA genes from Tn10 between the res1 sites of pGH436 to generate pCE61. The res1-tetRA-res1 fragment was cloned from pCE61 into pJS225, creating pCE63. Allelic exchange was used to create strain JS246, a derivative of S. enterica serovar Typhimurium ATCC 14028 in which the res1-tetRA-res1 reporter was located in a single copy in the chromosome, at a location nearby the purA gene (yjeP8103::res1-tetRA-res1) previously shown to play no role in virulence (50) . This cassette can easily be moved between different Salmonella serovars using P22-mediated transduction. Additionally, the use of a tetAR resolution reporter (Table 1; see also Table S1 and Fig. S1 , panel B) using the lambda red recombinase and FLP-FRT technologies as previously described (13, 15) .
Expression of ⌽(pmrH-tnpR) in vitro. The pmrH operon, which encodes enzymes necessary for modifying LPS with aminoarabinose, is directly regulated by PmrA. The pmrCAB operon is autoregulated and upregulated upon growth in acidic conditions, in medium low in Mg 2ϩ , and within phagocytic cells. To analyze the expression of the pmrH operon, we constructed a pmrH-tnpR ϩ -lacZY ϩ operon fusion in the suicide plasmids pIVET5n tnpR, pIVET5n tnpR mut135 , and pIVET5n tnpR mut168 and integrated the constructs in JS246. These three vectors have different ribosomal binding sites that allow various levels of translation of the TnpR resolvase. The expression of the promoter fusion was initially verified in vitro under conditions known to repress or activate the PhoP/PhoQ and PmrA/PmrB regulons. Upon overnight growth, all fusions showed similar transcription patterns of induction when the level of the ␤-galactosidase reporters were measured (Fig. S2 in supplemental material), but when the level of resolution of the tetRA cassette was evaluated, only the pmrH-tnpR mut135 fusion in strain JSG2428 gave a transcription pattern of induction-repression that correlated with lacZY reporter expression. In particular, with this fusion the resolution ratios increased from 12% (x ϭ 25, where x is the number of Amp r colonies counted) to 80% (x ϭ 50) upon induction in NMM pH 5.6 compared to NMM pH 7.7. Fusions to tnpR wt showed percentages of resolution from 90 to 100% (x ϭ 233) independent of the growth conditions, while tnpR mut168 fusions showed no resolution (x ϭ 172) (Fig. S2 ). When this system is adapted to other promoters, similar experiments will be necessary to properly match the appropriate ribosomal binding site mutant to get measurable levels of resolution. The pmrH-tnpR mut135 fusion in strain JSG2428 was then assayed in a repressing medium and two different inducing media in time-course experiments (Fig. 1) . Under repressing conditions (basic pH and a high concentration of Mg 2ϩ ), the resolution of the reporter was low, at around 6% (x ϭ 95), even after 24 h of growth, roughly corresponding to ϳ25 generations. When grown in acidic media with micromolar concentrations of Mg 2ϩ , the resolution of the reporter increased progressively to a maximum resolution of 95% after 24 h. In a similar inducing medium, the addition of micromolar concentrations of FeSO 4 led to increased levels of expression of the pmrH-tnpR mut135 fusion, with resolution levels nearing 100% after less than 10 h (Fig. 1) . These patterns of in vitro regulation measured using reporter resolution are consistent with data published in the literature for PmrA/PmrB-regulated genes using classical reporter fusions and show the usefulness of this system for monitoring gene expression.
Expression of ⌽(pmrH-tnpR) in BALB/c mice and mouse macrophage cell lines. The level of induction of pmrHtnpR mut135 was measured in bacterial populations recovered from orally and intraperitoneally inoculated female BALB/c mice and compared to in vitro repressing conditions (NMM [pH 7.7], 10 mM MgCl 2 ). Bacteria were grown overnight in buffered LB (pH 7.7) selecting for the reporter Tet r marker, washed in PBS, and inoculated into mice. The average level of background tetRA resolution in the inoculum was 1 to 2%. Bacteria were recovered from the distal ileum lumenal space, ileal Peyer's patches, mesenteric lymph nodes, spleen, and liver. At the 4-h time point, the level of resolution of the Tet r reporter was generally low (from 0 to ϳ10%) at all anatomical locations analyzed, with the exception of a few small-size samples (Ͻ20 CFU recovered) from spleens that showed around 25% Ϯ 12% resolution (n ϭ 2; n, number of mice) (Fig. 2) . The expression of the pmrH operon increased in a hyperbolic fashion over time at all sites until reaching maximum resolution at 72 h postinoculation. Such a maximum resolution time point is likely promoter dependent. While lumenal samples showed net levels of resolution usually ranging from 45 to 55% (n ϭ 4) at 48 h to ϳ60% (n ϭ 4) at Ͼ72 h, bacteria recovered from spleen ( Fig. 2) and liver (data not shown) showed higher expression of pmrH, with many samples reaching levels of Ͼ80%.
These levels of reporter resolution are comparable to the expression of pmrH in infected murine macrophage cell lines after 16 h of infection (Fig. 3) . The high expression in cells recovered from reticuloendothelial system organs is consistent with previously published data indicating upregulation of PhoP-and PmrA-regulated genes in the vacuoles of eukaryotic cells. However, we were surprised to observe expression of this operon in the ileal lumen, as it is an environment characterized by a high pH, relatively high concentrations of electrolytes and detergents, and low levels of bioavailable iron(III) due to the neutral-to-alkaline pH (45) . To better characterize the population of bacteria in the lumen and rule out that bacteria recovered there were growing inside transmigrating neutrophils or other cells, we performed a gentamicin protection assay on lumenal contents recovered 48 h postinoculation. We found that at least 98.2% of bacteria were gentamicin sensitive, indicative of a prevalent extracellular localization of S. enterica serovar Typhimurium at that site. Lumenal bacterial populations at later time points during the infection process may potentially be a mix of colonization from the original lumenal inoculum and reinfection through the bile duct with bacteria from the liver, which would artificially increase the measured resolution frequencies. To evaluate the level of reinfection of the ileal lumen, the reporter bacteria were introduced by intraperitoneal injection and necropsies were performed at 24 h, 48 h, and 66 h. Spleen and lumen samples were removed as described above and evaluated for the level of transcription of the pmrH-tnpR mut135 reporter. High levels of expression ranging from 54% (x ϭ 51; n ϭ 2) to 63% (x ϭ 191; n ϭ 2) were observed in the spleen at all time points (spleen infection was absent or modest, Ͻ10 2 bacteria per organ, before the 24-h time point). In the lumen, no bacteria or modest populations (ϳ10 2 bacteria per sample) were recovered at Ͻ24 h, and populations of ca. 2 ϫ 10 2 to 4 ϫ 10 2 CFU per mouse ileum were observed at 48 h and 66 h (in contrast to average populations of ca. 1 ϫ 10 4 to 1 ϫ 10 5 bacteria normally recovered from the ileum of perorally inoculated mice at 48 to 72 h). At those time points, the level of pmrH expression was comparable to what was observed in bacteria from spleen samples (44 to 70%). As an additional control, we transduced the invA::cat mutation into JSG2428 to construct JSG2540. This Salmonella mutant is expected to be unable to efficiently invade and replicate in enterocytes due to a structural defect in Salmonella pathogenicity island 1 (SPI-1) type III secretion (17) . As a consequence, this mutation should severely impair the ability of JSG2540 to escape the lumen and reach systemic sites of infection, except for the physiological levels of antigen sampling by M cells (12) and systemic infection via CD18 ϩ dendritic cells (55) . Using mice perorally inoculated with the invA mutant, we found that expression of pmrH in the lumen occurred at levels comparable to those of the parent strain JSG2428 pmrH-tnpR mut135 (58.5% Ϯ 4.9%; n ϭ 2). Collectively these results imply that recycling can potentially occur but at quite a low level, probably not sufficient to affect the overall apparent lumenal expression of pmrH.
In vivo expression of ⌽(pmrH-tnpR) is fully dependent on PhoP and PmrA. A greater oral virulence defect was observed for the pmrH mutant than for a pmrA null strain, suggesting that the pmrH operon may be controlled in vivo by factors other than PmrA. To evaluate whether the in vivo expression of pmrH was dependent solely on phoP and pmrA, we transduced either a phoP::Tn10d-Cm or a pmrA::kan allele into strain JSG2428 pmrH-tnpR mut135 . In experiments in vitro under PhoP-and PmrA-inducing conditions, expression in the pmrA background was consistently 0% (x ϭ 100, n ϭ 2), while in the phoP background the resolution of the tetAR reporter was 1 to 2.9% (x ϭ 100, n ϭ 2). Expression levels in vitro could be complemented by ectopic expression of the wild-type allele (data not shown). Similarly, in vivo expression of pmrH was fully dependent on the presence of functional phoP and pmrA
FIG. 2. Expression of pmrH during infection of BALB/c mice.
S. enterica serovar Typhimurium JSG2428 carrying a cointegrated pmrHtnpR mut135 fusion was grown in LB (pH 7.7) in the presence of Ap and Tc. Female BALB/c mice were infected with 10 8 CFU each by oral gavage. At various time points, groups of two mice were sacrificed, and selected organs were dissected and homogenized. The proportion of Tet s colonies was determined as described in Materials and Methods. FIG. 3 . Expression of tnpR fusions within murine macrophage cell lines. Salmonella strains carrying a cointegrated tnpR mut135 fusion to various genes (pmrH, pagP, prgH, and ssaB) were grown in LB (pH 7.7) in the presence of Ap and Tc to prepare the inoculum for cell culture infections. The mouse macrophage cell line J774A.1 was infected at an multiplicity of infection of 10 and, following the invasion period, was exposed to gentamicin. After 16 h, macrophage cells were lysed with 1% Triton X-100 and aliquots were diluted and plated on LB-Ap. Approximately 100 colonies were patched to LB-Tc from each sample. As a medium control, bacteria were grown in DMEM for 16 h. The proportion of Tet s colonies was calculated, and the background resolution in the original inoculum was subtracted.
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on October 1, 2017 by guest http://jb.asm.org/ (Fig. 4) , suggesting that no other major activators of the pmrH operon exist. Neutralization of stomach acidity does not affect lumenal pmrH and pagP induction. Acidic pH and iron(III) are two recognized signals able to activate the PhoP and PmrA regulons in vitro. In vivo, upon oral inoculation, bacteria experience an acidic pH only in the stomach (pH range from 2 to 5) and the proximal portion of the duodenum (44) . To rule out the stomach as the site of induction of pmrH-tnpR mut135 , we treated the mice with relatively large volumes (100 l) of 10% sodium bicarbonate 60 min before, at the time of oral inoculation of the bacterial suspension, and 30 min postinoculation. Transcription of pmrH in the lumen and in the spleen was followed over time (Fig. 5) , and the results show that expression of the gene fusion was not affected by neutralizing treatments. Transient exposure to a residual acidic pH, due to insufficient buffering of the stomach, may be sufficient to induce the expression of TnpR at a level high enough to trigger resolution later on in the ileal lumen. To rule out this possibility, we exposed cells carrying the tnpR fusions to low-pH shocks (pH 5.6) in vitro for 15, 30, and 60 min followed by overnight growth in PhoP-and PmrA-repressing conditions (high Mg 2ϩ NMM [pH 7.7]). A second promoter fusion was constructed to a PhoP-activated gene, pagP, also inducible by low pH. The expression of pagP, measured as the percentage of resolution, was increased from 0% to 2% after 60 min of exposure to low pH, while transcription of pmrH was measured at about 10.4% Ϯ 3.7%, 19.4% Ϯ 4.3%, and 32% Ϯ 5.0% after 15-, 30-, and 60-min shocks, respectively. The non-acidshocked control showed 6.9% Ϯ 2.6% resolution after 16 h of growth. Therefore, these data show that the levels of TnpRinduced resolution observed in the lumen are unlikely to be caused by transient exposure to acidity due to the fact that, as discussed below, in fasting mice the half-emptying time of the stomach is on the order of a few minutes.
Iron deprivation does not affect induction of pmrH. The previous experiments eliminated stomach acidic pH as the key signal inducing pmrH in the gastrointestinal tract under our experimental conditions. However, iron(III) at 0.1 mM has been shown to induce PmrA/PmrB in vitro and in the soil (9) . In vivo, such elevated levels of bioavailable iron(III) can be observed only in the stomach and in the proximal duodenum as a function of the iron content in the diet (44) . More distal regions of the gastrointestinal tract are characterized by higher pH, wherein the large majority of iron would be in insoluble, nonbioavailable forms (45) . We proceeded to test directly whether the in vivo expression of pmrH was affected by dietary iron. Strain JSG2428 pmrH-tnpR mut135 was inoculated in mice which were fed for 21 days with an iron-deficient diet and treated for 24 h preinoculation and postinoculation with oral doses of DFO. The analysis of pmrH transcriptional levels at 48 h postinoculation showed no significant difference between the iron-deficient and control treatments (Fig. 6) .
The iron levels in the ileal lumen were first evaluated indirectly using an fepA-tnpR RIVET strain. fepA codes for the enterobactin receptor, which is induced under low-iron conditions and repressed by Fur in conditions of high iron (53) . In vitro, the fepA-tnpR fusion repression led to 0% resolution under high-iron growth (LB with 200 M FeCl 3 or 200 M FeSO 4 ) and 48% to 37% resolution under low-iron conditions due to DFO or 2,2-dipiridyl treatments (100 M). In vivo 48 h postinoculation, fepA-tnpR was expressed in the lumen at slightly higher levels in iron-deficient mice than in mice fed FIG. 4 . In vivo expression of pmrH is fully dependent on both PhoP and PmrA. The phoP::Tn10d-Cm or pmrA::kan allele was transduced into S. enterica serovar Typhimurium JSG2428 (pmrH-tnpR mut135 ) to generate JSG2437 and JSG2436, respectively. The strains were grown in LB (pH 7.7) in the presence of Ap and Tc to prepare the inoculum. Two female BALB/c mice were infected with 10 8 CFU each by oral gavage. After 48 h, the mice were sacrificed and selected organs were dissected and homogenized. Aliquots were diluted and plated on LB-Ap, and up to 100 colonies were patched to LB-Tc from each sample. The proportion of Tet s colonies was calculated, and the background resolution in the original inoculum was subtracted. Averages with the corresponding standard deviations are shown. WT, wild type.
FIG. 5.
Orally fed sodium bicarbonate does not affect the induction of pmrH in the gastrointestinal lumen. S. enterica serovar Typhimurium JSG2428 carrying a cointegrated pmrH-tnpR mut135 fusion was grown in LB (pH 7.7) in the presence of Ap and Tc to prepare the inoculum. Two female BALB/c mice were infected with 10 8 CFU each by oral gavage. Three oral doses of 100 l 10% NaHCO 3 were administered at Ϫ60, 0, and ϩ30 min from the inoculation time. After 5, 24, and 72 h, the mice were sacrificed and selected organs were dissected and homogenized. Aliquots were diluted and plated on LB-Ap, and up to 100 colonies were patched to LB-Tc from each sample. The proportion of Tet s colonies was calculated, and the background resolution in the original inoculum was subtracted. Averages with the corresponding standard deviations are shown.
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with a normal diet (74.9% versus 65.6%), but this difference was not statistically significant (P ϭ 0.102). Bioavailable iron levels in the ileal lumen of the same mice where transcriptional analysis of pmrH was performed were also measured directly using a Ferrozine spectrophotometric protocol. The results showed submicromolar concentration of iron (often below the detection threshold) in mice kept on an iron-deficient diet (Fig. 6 ), while concentrations ranging from 7.5 to ca. 40 M were observed in "normal diet" mice. These results suggest that iron is not a relevant PmrA-PmrB-inducing signal in the mouse ileal lumen. In vivo expression of ssaB and the PhoP-regulated genes pagP and prgH. To further examine the in vivo spatiotemporal expression of virulence genes, including those belonging to the PhoP regulon, we constructed additional fusions to the tnpR reporter. pagP is a gene encoding a palmitoyl transferase believed to be induced inside phagocytic cells by PhoP/PhoQ. Activation of the PhoP/PhoQ regulon would also lead to expression of the PmrA/PmrB regulon, including the pmrH operon. Given the strong dependence on PhoP shown by pmrH in vivo (Fig. 4) , we would expect activation of the PhoP/PhoQ regulon also in the ileal lumen, not just inside cells of the reticuloendothelial system. A pagP-tnpR mut135 fusion showed the expected behavior in vitro (i.e., repressed by high pH and high magnesium concentrations and induced by low pH and low Mg; data not shown) and was also upregulated 20-fold in S. enterica serovar Typhimurium cells recovered from the lumen of orally infected mice compared to that of repressing conditions in vitro (Fig. 7) . A fusion to the SPI-1 gene prgH was also expressed in lumenal bacteria, upregulated ca. twofold in Peyer's patches compared to an SPI-1 repressing low osmolarity acidic medium (NMM pH 5.6) but not further activated in organs of the reticuloendothelial system. Lumenal expression of prgH is consistent with its role in enterocyte and M-cell invasion. Finally, a fusion to the SPI-2 structural gene ssaB was tested as a control based on its known site of expression in vivo. The ssaB fusion was not induced in the lumen but was upregulated in bacteria isolated from Peyer's patches and spleen, consistent with its essential role in intramacrophage survival and systemic spread (Fig. 7) . This fusion also served as a control to rule out nonspecific induction of tnpR fusions in the intestine.
DISCUSSION
In this study we developed RIVET for use in S. enterica serovar Typhimurium (Fig. S1 ) and showed its application to the study of in vivo patterns of transcriptional expression of virulence genes belonging to the PmrA and PhoP regulons. In particular we demonstrated that, contrary to what was expected, both pagP and pmrH, two genes involved in LPS modification and antimicrobial peptide resistance, are upregulated in bacteria located extracellularly in the ileum of BALB/c mice. Prior to this work, the model had been that, in vivo, the PmrA and PhoP regulons were induced exclusively intracellularly. Indeed, consistent with the published literature (1), expression was even higher in organs of the reticuloendothelial system, where the bacteria are localized in phagocytic cells. FIG. 6 . Expression of pmrH in the gastrointestinal lumen is not dependent on high concentrations of bioavailable iron. Female BALB/c mice were fed iron-deficient or normal diets for 3 weeks. S. enterica serovar Typhimurium strain JSG2428 (pmrH-tnpR mut135 ) was grown in LB (pH 7.7) in the presence of Ap and Tc. Mice were infected with 10 8 CFU each by oral gavage. The iron-deficient group was also administered water containing the iron(III) chelator desferrioxamine (DFO) 24 h before inoculation until the end of the experiment. After 48 h, the mice were sacrificed and selected organs were dissected and homogenized. Aliquots were diluted and plated on LBAp, and up to 100 colonies were patched to LB-Tc from each sample. The proportion of Tet s colonies was calculated, and the background resolution in the original inoculum was subtracted. Bioavailable iron was measured using a Ferrozine protocol, and the concentrations ranged from 7.5 to 40 mol/kg lumen content in the normal diet treatment to Ͻ0 to 1.4 mol/kg lumen content in the low-iron diet treatment. (48) have been shown to activate the PhoP/PhoQ and/or the PmrA/PmrB regulons in vitro, we sought to determine if these environmental factors were responsible for luminal pagP and pmrH expression. We did not consider magnesium as an inducing signal in the lumen, because the normal concentration in the plasma is in the millimolar range and we would expect similar or higher levels in the intestine. However, direct magnesium measurements in the intestine have not been performed. The neutralization of stomach acidity, as well as dietary and treatment regimens minimizing the levels of bioavailable iron in the ileum, did not affect the levels of intestinal induction of the pmrH fusion. Lacking a solely pH-regulated fusion, our controls for the neutralization of stomach pH relied on indirect assays. Specifically, almost 30 mg of sodium bicarbonate per mouse was used to buffer the stomach acidity, which is three times the standard amount used in such assays. Moreover, in vitro experiments with transient pH pulses did not show marked induction of pagP or pmrH. Based on data from the literature, the emptying kinetics of the stomach in young mice follows an exponential decay function, and the half-emptying time with phenol red in saline solution is about 8 min (28), while it is less than 5 min for a BaSO 4 meal (37) . Similarly, in the duodenum, transit time is approximately 1 min (39). These transition times are well below the levels required for a significant induction of pmrH, even in the unlikely case that the neutralizing treatment had been incomplete. In experiments with mice kept on an iron-deficient diet, we exploited the observation that intestinal iron levels are determined solely by dietary iron, with the duodenal iron transport being vectorial and directed toward the bloodstream (49) . Moreover, oral treatments with iron chelators were concurrently performed to minimize the free, bioavailable iron. The level of iron directly measured in iron-deficient mice was well below the inducing levels necessary for activation of the PmrA/ PmrB system. The phagosome of Salmonella-infected macrophages probably contains relatively low concentrations of iron, given that genes in the Fur regulon were isolated in in vivoinduced screenings (25) . Such low levels may not allow full PmrA/PmrB induction, and other signals, such as low pH, may play a more important role. This would be consistent with the absence of any repressing effect on pmrH-tnpR expression caused by 100 M desferrioxamine (DFO), an iron(III) chelator, in cultured mouse macrophages (data not shown). We conclude that iron is not a likely signal for the induction of the PmrA/PmrB regulon either in the ileum or in the reticuloendothelial organs of mice.
In control experiments, prgH, a SPI-1 secretion gene required for invasion of enterocytes and M cells of the gastrointestinal tract, was expressed in the intestinal lumen, consistent with its role in cell invasion, but expression did not increase in progressive sites of invasion (Peyer's patches and spleen). Control strains carrying fusions of tnpR to ssaB, a structural SPI-2 gene necessary for intramacrophage survival and systemic spread, showed a reciprocal expression pattern compared to that of prgH, consistent with previous data showing macrophage upregulation of SPI-2 genes (11). The induction of both prgH and pagP in the intestine may seem contradictory, given that the former is a PhoP-repressed gene and the second is a PhoP-activated gene by functional definition. Several hypotheses may be formulated to explain this observation, including differential promoter affinity for PhoP and/or the involvement of multiple environmental signals acting at suboptimal threshold levels that lead to partial activation of PhoP/PhoQ in the intestinal lumen environment. Such partial activation would likely result in some bacteria with activated PhoP and some in which PhoP is not activated. In addition, PhoP/PhoQ could be activated by signals in the lumen but repressed upon association with intestinal epithelial cells, leading to expression of both prg and pag genes when measured by RIVET.
Our study does not identify the signal for intestinal expression of the PhoP and PmrA regulons, but recent work using in vitro sublethal concentrations of antimicrobial peptides showed that these defense molecules may act as a signal for PhoP/PhoQ (3). Consistent with this line of thought was the finding that, in vivo, pmrH was not expressed to measurable levels in either a PhoP null background or a PmrA null mutant. These observations, and the fact that PhoP/PhoQ and PmrA/ PmrB expression are connected by a regulatory cascade, also suggest that, in vivo, signals are primarily perceived by PhoQ and not PmrB. If perceived by PmrB, partial or complete resolution would have been observed in a phoP mutant. It is tempting to speculate that in vivo induction by mucosal antimicrobial peptides may occur. Experiments using knockout mice unable to produce mature alpha defensins may help to test this hypothesis.
Based on the fact that a pmrA null strain was more virulent than a pmrH operon mutant by peroral infection, we hypothesized that the pmrH operon may be expressed in vivo in a PmrA-independent manner (24) . Our data suggest that this hypothesis is most likely false, as pmrH was not expressed in vivo in PmrA or PhoP null backgrounds. However, it is possible, but unlikely, that the pmrH operon could be expressed at a level sufficient for LPS modification but insufficient for resolution of the Tet r cassette. An alternative hypothesis for the original finding (24) is that the loss of PmrA affects determinants that both positively and negatively affect virulence, while loss of aminoarabinose only negatively affects virulence. More work is necessary to explain this phenomenon.
Few studies have applied RIVET to the analysis of bacterial in vivo gene expression since the seminal work done on V. cholerae (7, 31) . The only application of the kind is a recent work where Bordetella pertussis in vivo expression of several BvgSA-regulated genes (cya, fha, prn, and ptx) was analyzed using a modification of RIVET (56) . Other applications have commonly used RIVET as a screening procedure (30, 38, 42) . Our work adds this approach to the arsenal of genetic tools available for the study of Salmonella virulence in vivo.
